Neurophysiological studies in monkey have suggested that premotor and motor cortex 27 may prepare for multiple movements simultaneously, sustained by cooperative and 28 competitive interactions within and between the neural populations encoding different 29 actions. Here, we investigate whether competition between alternative movement 30 directions, manipulated in terms of number and spatial angle, is reflected in EEG 31 measures of (pre)motor cortical activity in humans. EEG was recorded during 32 performance of a centre-out pointing task in which response signals were preceded by 33 cues providing prior information in the form of arrows pointing to one or more 34 possible movement targets. Delay-period activity in (pre)motor cortex was modulated 35 in the predicted manner by the number of possible movement directions and by the 36 angle separating them. Response latencies, however, were determined not only by the 37 amplitude of movement-preparatory activity, but also by differences in the duration of 38 stimulus evaluation against the visuospatial memory of the cue, reflected in EEG 39 potentials originating from posterior parietal cortex. Specifically, the spatial proximity 40 of possible movement targets was processed differently by (pre)motor and posterior 41 parietal cortex. Spatial proximity enhanced the amplitude of (pre)motor cortex 42 preparatory activity during the delay period but delayed evaluation of the response 43 signal in the posterior parietal cortex, thus producing opposite effects on response 44 latency. The latter finding supports distributed control of movement decisions in the 45 frontoparietal network, revealing a feature of distributed control that is of potential 46 significance for the understanding of distracter effects in reaching and pointing. 47 48
Introduction 51
Recent neurophysiological work in primates has suggested that movement-52 preparatory activity in premotor and motor cortex may represent multiple response 53 options simultaneously. Cisek and Kalaska (2005) showed that neurons in the monkey 54 dorsal premotor cortex (PMd) represented the directions of two potential reach targets 55 during the delay period between cue and response signal. Similarly, Bastian et al. 56 (2003) found that directional bias and firing rates of primary motor cortex (M1) 57 neurons were shaped by the number of possible pointing targets. Simultaneous 58 activation of multiple actions has also been inferred from visuomotor interference 59 effects on reaching movements, elicited by distracters (Tipper et al. 2000) . The 60 coexistence of neural activity for different behavioral options is seen as being 61 maintained through cooperative and competitive lateral interactions within and 62 between the neural populations encoding the different actions (Erlhagen and Schöner 63 2002; Cisek 2006) . Here, we used EEG measures of (pre)motor cortical activity to 64 investigate whether, as a result of mutually suppressive interactions, concurrent 65 activation of multiple potential actions can be revealed by manipulating the number of 66 potential movement directions (Experiment 1) and the angle subtended between them 67 (Experiment 2). 68
Lateral interactions between neural populations may not only serve to define 69 different potential actions, but can also be conceived as the substrate through which 70 decisions between alternative actions emerge, as implemented in some computational 71 models (Cisek 2006; Erlhagen and Schöner 2002) . Such models have successfully 72 simulated the common finding of reaction time studies that response latencies 73 increase with number of response alternatives. Computational models of that 74 architecture (Cisek 2006; Erlhagen and Schöner 2002) also reproduce an exception to 75 4 this rule, i.e., the finding that not only the number, but also the spatial layout of 76 possible responses determines reaction times. For example, Bock and Eversheim 77 (2000) found that reaction times in a 2-choice task were similar to those in a 5-choice 78 task when the movement targets subtended the same spatial angle. The basis of these 79 simulation results is that with more movement options (or the same number at wider 80 angle) the activity associated with each option decreases due to mutually inhibitory 81 interactions, thus taking more time to reach a decision threshold. 82
To examine whether the number and spatial angle of possible movement 83 directions is reflected in delay-period preparatory activity, we adopted a movement 84 precuing task of Bastian et al. (2003) with centre-out pointing movements, modified 85 for EEG. Results demonstrated that preparatory activity originating in premotor and 86 motor cortex was modulated in a manner consistent with the preparation of multiple 87 prospective movements. Response latencies were also determined, however, by 88 visuospatial processing effects manifested in event-related potentials (ERPs) from the 89 posterior parietal cortex. Specifically, the spatial proximity of possible movement 90 targets was processed differently by (pre)motor and posterior parietal cortex, 91 mediating opposite effects on response latency. These dissociable effects, mediated by 92 prospective movement-and retrospective visuospatial representations, indicate that 93 spatial processing in the posterior parietal cortex can influence arm movement 94 independent of the preparation accomplished by the premotor cortex, consistent with 95 distributed control of reaching in frontoparietal cortex. 96
97

Materials and methods 98
Participants 99 9 checked, after artifact removal, to have no horizontal EOG differences > 4 μV 199 between left and right cue conditions at any time point during the delay period 200 (Kennett et al. 2007 ). The baseline was defined as the time period from 200 ms before 201 until the onset of the cue stimulus. Averaged data were created for each participant 202 and condition separately. Analyses focused on movement-preparatory EEG activity 203 developing during the 1200 ms delay period between cue and response signal. To 204 isolate movement-preparatory activity originating from primary motor cortex and 205 lateral premotor cortex, we derived lateralized potentials by the procedure illustrated 206 in Figure 3a (Coles et al. 1995) . Activity recorded at electrodes ipsilateral to the cued 207 response was subtracted from activity recorded at homologous electrodes at the 208 contralateral side. Subsequently, the difference waveforms associated with left and 209 right hand responses were averaged yielding lateralized event-related potentials 210 (ERPs). The lateralized ERPs of primary interest were (i) the ADAN (anterior 211 directing-attention negativity) at fronto-central locations peaking around 400 ms, and 212
(ii) the delay period LRP (lateralized readiness potential) consisting of a slow 213 negative shift at central electrodes overlying the motor cortex. The ADAN is labelled 214 as an attention-directing potential (associated with control of spatial attention), but is 215 also elicited by directional information guiding the selection of response hand or the 216 direction of hand or eye movements (Eimer 1995; Verleger et al. 2000; Praamstra et 217 al. 2005; Gherri et al. 2007 ). High-density EEG studies have localized the ADAN to 218 the dorsal premotor cortex (Praamstra et al. 2005; Mathews et al. 2006) . The ADAN 219 is especially suitable to investigate simultaneous activation of multiple movement 220 directions, because it is sensitive to directional information for hand movements updating of an internal model of the movement environment (Krigolson et al. 2008) . 244
Its latency is selectively sensitive to manipulations affecting the duration of stimulus 245 evaluation (Coles et al. 1995) . The P3 and N2 were evaluated from an electrode group 246 overlying the midline posterior parietal cortex, comprising electrodes Pz, CPP1h, 247 CPP2h, PPO1h, PPO2h. Amplitudes were quantified in the window 1400-1450 ms for 248 the N2 and at individually determined peak latencies, identified by an automatic peak 249 detection algorithm, for the P3. P3 latency was analyzed in terms of the latency where 250 its amplitude reached 75% of the peak amplitude. between two conditions exceeds a chosen significance level. These electrodes are 287 candidates for inclusion in clusters determined by a cluster-finding algorithm. The 288 method takes the cluster with the maximum test statistic, i.e., the cluster with the 289 maximum difference between conditions, to calculate a critical value for statistical 290 significance under the null distribution for this test statistic. The null distribution is 291 computed by means of a permutation method that randomly assigns replications to 292 conditions (between-subjects design) or randomly permutates the order of paired 293
observations (within-subjects design). This computation is performed by a Monte 294
Carlo approximation involving a user-specified number of random draws. Since p-295 values for any given cluster are computed under the null distribution of the maximum 296 cluster-level statistic, the method controls for type I errors. We used default 297 parameters for the definition of a cluster (electrodes within 4 cm distance and a 298 13 minimum of 2 neighbour channels). The number of random draws for reference 299 distributions was set at 500. 300 301
Results
302
Experiment 1: Behavioral performance 303 Participants performed the pointing task (see Figure 1 ) without visual guidance as 304 they had to maintain their gaze and attention focused on the monitor in front of them. 305
Nonetheless, the movement trajectories (see Figure 2) show that pointing was 306 performed with a high degree of accuracy. Given this level of performance and in 307 view of the fact that EEG analyses focused on preparatory activity, no further 308 selection of trials based on pointing accuracy was performed for subsequent analyses. 309
The number of rejected or erroneous trials was (means ± SD) 13.8 ± 19%, 3.7 ± 3.3% 310 and 2.9 ± 2.6% for the 1-, 2-and 3-arrow conditions. The higher error rate for the 1-311 arrow condition was due to early responses (< 100 ms) in a few participants. 312
Since there were no effects of response hand, we report pooled means. The 313 average response times following one, two and three arrow cues were 288 ± 86 ms, 314 353 ± 81 ms and 374 ± 76 ms, respectively. Analysis confirmed a significant effect of 315
Cue information underlying this scaling of response times (F(1.1,16.7)=87.4, 316 p<0.001). Subsequent t-tests confirmed a significant difference between conditions, 317 that is, t(15)=8.7, p<0.001 for the 1-vs. 2-arrow condition and t(15)=8.0, p<0.001 for 318 the 2-vs. 3-arrow condition. These results therefore confirm not just a difference 319 between full (1-arrow) and partial information cue conditions (2-and 3-arrow), but, 320 more importantly, demonstrate a significant difference between the latter two. Hence, 321 the number of possible movement directions influenced performance. 322 323
Experiment 1: Delay period activity in (pre)motor cortex 324
The experiments were set up in such a way that cue information, whether full or 325 partial, always instructed for movements to the left or to the right, performed with left 326 and right hand, respectively. This enabled participants to select the response hand and 327 ensured that lateralized preparatory EEG potentials were elicited in premotor and 328 motor cortex, which we expected to be modulated by the directional information of 329 the cue. This is justified by evidence that the dorsal premotor cortex is involved in 330 effector selection, target selection, as well as their integration (Hoshi and Tanji as well as between the 2-and the 3-arrow condition (t(15)= 2.6, p=0.021). 347 15 The ADAN was followed by the LRP, reflecting movement preparatory 348 activity in the delay period and movement execution-related activity after the 349 response signal (see Figure 3b) . LRP amplitude, quantified at the end of the delay 350 period, was significant compared to baseline in all conditions (t(15) > 4.6, p<0.001). 351
The LRP was significantly different between conditions (F(1.3,19.9 p=0.015), but no significant difference between the latter two (t(15)<1). 377
The P3 latency and amplitude were quantified from the same electrode group. 378
The amplitude scaled with the number of cued movement directions 379 (F(1.2,17.9)=50.2, p<0.001), consistent with the notion that it is partly determined by 380 the amount of information extracted from the eliciting stimulus (Gratton et al. 1990) . 381
Post-hoc tests on amplitude values showed a robust difference between the 1-vs. 2-382 arrow and 1-vs. 3-arrow conditions (t(15)=7.3, p<0.001), as well as a significant 383 difference between 2-and 3-arrow conditions (t(15)=3.0, p=0.018). The latency of the 384 P3 was 269 ± 50, 303 ± 27, and 304 ± 27 ms, respectively, for the 1-, 2-, and 3-arrow 385 conditions. The latency was influenced by Cue information (F(1.1,16.1)=12.2, 386 p<0.01), due to a difference between the full and partial cue information conditions 387 only (1-vs. 2-arrow t(15)=3.4, p=0.012; 1-vs. 3-arrow t(15)=3.7, p=0.006; 2-vs. 3-388 arrow t(15)<1). We note, however, that peak latencies differed (see Figure 4a ) and did 389 yield a significant (6 ms) advantage of the 2-over the 3-arrow condition. 390
The N2 and P3 results provide further confirmation that participants utilized 391 the cue information, even though the task could be performed without attending to the 392 cues. The effects support that cue information not only induced motor activation, but 393 was also stored in a visuospatial memory representation, against which the response 394 signals were evaluated. Consequently, while physically identical between conditions, 395 response signals had a different information value depending on the number of 396 possible movement directions. This accounts for differences in stimulus evaluation 397 time and context updating expressed in P3 latency, which might contribute, along 398 with the different levels of movement preparatory activity, to the differences in 399 response latency between conditions. One might ask whether there were differences between conditions in terms of 435 movement trajectories. For instance, the same processes that make responses faster in 436 the 2-arrow-s compared to the 2-arrow-w condition, could cause a tendency in the 437 former condition for movements starting off in a direction between the two targets. 438
Whether or not such a tendency was present could not be evaluated, because no 439 trajectories were recorded. We refer to the Supplementary materials for data and 440 discussion of a third experiment using a joystick response device that did not find 441 differences in cursor movement trajectories. of the ADAN was significantly higher in the 2-arrow-s condition than in both the 2-449 arrow-w and the 3-arrow condition, yielding a significant effect of Cue information 450 (F(1.8,26.6)=5.3, p=0.014) . Planned comparisons demonstrated that there was a 451 significant difference between the 2-arrow-s and the 2-arrow-w condition (t(15)=3.2, 452 p=0.009) and between the 2-arrow-s and the 3-arrow condition (t(15)= 3.0, p=0.019), 453
but not between the 2-arrow-w and 3-arrow condition (t(15)<1). The LRP was 454 modulated in exactly the same way, with higher amplitude activity for the 2-arrow-s 455 condition compared to the other two conditions (F(1.8,27.1)=6.3, p<0.01). Planned 456 comparisons showed the 2-arrow-s condition to be different from the 2-arrow-w 457 condition (t(15)=3.3, p=0.008) and from the 3-arrow condition (t(15)=2.8, p=0.018), 458 while the latter two did not differ from each other (t(15)<1). Together, these EEG 459 measures of premotor and motor cortex activity show the influence of spatial 460 variables on preparatory activity, emerging already at a latency shorter than 300 ms 461 following the cue. 462
463
Experiment 2: Preparatory effects inferred from the processing of the response signal 464
If delay-period (pre)motoric activity alone had determined response times, it would 465 have produced similar response latencies for the 2-arrow-w and the 3-arrow 466
conditions. The actually faster responses in the 2-arrow-w condition may be explained 467 by differences in the processing of the response signal. In Experiment 2, none of the 468 cue conditions conferred full response information, thus requiring processing of the 469 spatial information of the response signal in all conditions. Based on our 470 interpretation of the N2 findings of Experiment 1, an N2 should therefore be present 471 for all conditions, as is confirmed by the data illustrated in Figure 4b . Statistical 472 20 evaluation of the amplitude differences between conditions revealed a significant 473 effect of Cue information (F(1.9,27.8)=11.2, p<0.001). Post-hoc t-tests showed that 474 this was due to a higher amplitude for the 3-arrow condition compared to both the 2-475 arrow-s condition (t(15)=5.1, p=0.003) and the 2-arrow-w condition (t(15)=3.5, 476 p=0.009). There was no difference between the latter two conditions (t(15)<1). Thus, 477
while the 2-arrow-w condition grouped with the spatially similar 3-arrow condition in 478 terms of motoric activity, it grouped with the 2-arrow-s condition in terms of some 479 aspect of stimulus representation or evaluation represented in the N2. 480
This was also borne out by analyses of the P3, which revealed no difference 481 between conditions in amplitude (F(1.7,26.2)<1), but did show a latency effect 482 (F(1.9,28.6)=13.5, p<0.001) indicating differences in the duration of stimulus 483 evaluation. As illustrated in Figure 4b , the latency was longest for the 3-arrow 484 condition (318 ± 31 ms), intermediate for the 2-arrow-s condition (311 ± 28 ms), and 485 shortest for the 2-arrow-w condition (306 ± 32 ms). In post-hoc tests, the 2-arrow-w 486 vs. 2-arrow-s difference approached significance (t(15)=2.3, p=0.072), while the 2-487 arrow-s vs. 3-arrow was significant (t(15)=3.1, p=0.016). In sum, the P3, like the N2, 488 reveals the 2-arrow-w condition to behave more similarly to the 2-arrow-s condition 489 than to the 3-arrow condition in terms of stimulus evaluation, contrasting with its 490 expression of movement preparatory activity. These antagonistic effects offer a 491 plausible explanation for response times intermediate between the 2-arrow-s (fastest) 492 and the 3-arrow (slowest) conditions. Note, however, that an account in terms of 493 motoric preparation being sensitive to the spatial layout of response alternatives and 494 stimulus evaluation sensitive to their number is probably too simple. This is signaled 495 by the borderline faster P3 latency for the 2-arrow-w compared to the 2-arrow-s 496 condition, indicating that stimulus evaluation is sensitive to both number and spatial 497 proximity of alternative response directions/targets. 498
499
Source reconstruction of the N2 500
The results presented so far raise issues beyond the question that we set out to test. In 501 particular, results of Experiment 2 suggest that the spatial proximity of possible 502 movement targets may be processed differently by (pre)motor and posterior parietal 503 cortex (PPC), mediating opposite effects on response latency. Since this is of 504 relevance to response selection and decision, we seek here and in the next section to 505 elaborate the proposal that N2 and P3 modulations are related to the evaluation of the 506 response stimulus against a visuospatial memory representation of the cue, a process 507 likely supported by the PPC. This is not contentious with regard to the P3, associated 508 with memory updating, and partly generated by the PPC (Bledowski et al. 2006) . The 509 posterior midline N2, by contrast, is not well characterized functionally or 510 anatomically. Naranjo et al. (2007) found it modulated by the selection of reach 511 targets and localized the N2 to the PPC/precuneus, noting its candidate role as human 512 homologue of the parietal reach region in monkey (Astafiev et al. 2003; Connolly et 513 al. 2003) . Source reconstruction results of the present data concur with this 514 localization. 515
We present spatiotemporal dipole source analysis results for the N2 in data of 516 Experiment 2, where it had the highest amplitude, but similar results were found for 517
Experiment 1. Figure 6 shows the N2 (3-arrow right hand condition) in a butterfly 518 plot, emphasizing its small amplitude in comparison to the preceding visual N1 519 component. Given the temporal overlap of N2 with N1, the N2 could not be modeled 520 in isolation, requiring the introduction of sources fitted to the N1. Modeling the N2 521 22 with 2 dipole sources constrained to symmetrical locations in each hemisphere, 522 iterative fitting produced a solution with sources adopting locations close to the 523 medial surface of the PPC, independent of the starting positions. An origin close to 524 the midline was supported by the observation that a single source with the same Y and 525 Z coordinates also accounted well for the data in terms of goodness-of-fit. That is, 526 both 1-and 2-dipole solutions explained the grand average data of each condition 527 with a goodness-of-fit >95% (window around peak latency of N2 ± 10 ms). The 528 Talairach Tournoux coordinates of the dipole source locations for the N2 in comprise not only integration of current perceptual and working memory information, 549 but also updating of motor plans on the basis of sensory input (Caplan et al. 2003) . 550
Similarly, synchronization and power increases of parietal theta have been considered 551 as frequency-domain correlates of the memory/context updating process represented 552 by the P3 (Klimesch et al. 1994; Makeig et al. 2004) . Against this background, we 553 explored whether the N2 and P3 effects in Experiment 1 are accompanied by a 554 modulation of theta activity. Time-frequency spectra were derived for each condition 555 separately and represented as change spectra relative to the baseline immediately 556 preceding the cue, emphasizing task-related changes in power. Modulation of theta 557 oscillatory activity was found in a small time window of ~1400-1600 ms, overlapping 558 with the latency of the N2 and P3 ERP component (see Figure 7) . For all but the 1-559 arrow condition theta power increased relative to baseline, assessed in a window of 560 1450-1550 ms. That is, for each condition cluster randomization analysis showed a 561 significant (p<0.05) cluster of ≥30 electrodes overlying the parietal scalp region 562 (threshold for inclusion of electrodes in cluster p<0.01). Comparisons of 3-vs. 1-563 arrow and 2-vs. 1-arrow conditions yielded similar significant clusters of electrodes, 564 but a numerically higher theta burst in the 3-compared to the 2-arrow condition did 565 not reach significance. 566
While a comprehensive time-frequency analysis is beyond the scope of this 567 report, the timing and the direction of the theta modulation raise a strong possibility 568 that the N2 at least partly arises from a phase resetting of the parietal theta activity 569 (Makeig et al. 2002) , and suggest that they reflect overlapping neural and functional 570 24 processes. The absence of a theta burst in the 1-arrow condition matches the absence 571 of an N2, and attenuated P3, and support a relation with memory updating, redundant 572 in that condition. Finally, the scalp distribution of the theta modulation corresponds to 573 that of the N2 and P3, consistent with the involvement of structures in the PPC in 574 visuospatial working memory. 575
576
Discussion 577
Simultaneous representation of multiple potential movements 578
The predictions tested in this study are predicated on the view that movement 579 parameters such as direction are encoded by populations of neurons with a range of 580 different directional preferences. Preparation for different movement directions will 581
shape population activity such that distinct peaks arise associated with the context-582 appropriate directions, maintained by mutually suppressive interactions between cell 583 populations encoding different directions and mutually reinforcing interactions 584 between cells with similar directional preference. Competitive interactions between a 585 greater number of response alternatives (or same number at wider angle) will result in 586 a narrower tuning function and weaker activity for each peak, leading to slower 587 reaction times (Erlhagen and Schöner 2002; Cisek 2006) . 588 Experiment 1 showed that delay period activity in (pre)motor cortex scaled 589 inversely with the number of possible movements. This is consistent with the 590 operation of mutually suppressive interactions between representations of concurrent 591 movement options, but does not rule out an explanation in terms of response 592 probability. Although response probability is traditionally regarded as acting prior to 593 the engagement of the motor system (Sanders 1980; Goodman and Kelso 1980) , 594 evidence from primate neurophysiology shows manifestations in the form of a 595
